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In this communication, we report our femtosecond real-time ob-
servation of the dynamics for the three didehydrobenzene mole-
cules (p-, m-, and o-benzyne) generated from 1,4-, 1,3-, and 1,2-
dibromobenzene, respectively, in a molecular beam, by using
femtosecond time-resolved mass spectrometry. The time required
for the first and the second C-Br bond breakage is less than 100 fs;
the benzyne molecules are produced within 100 fs and then decay
with a lifetime of 400 ps or more. Density functional theory and
high-level ab initio calculations are also reported herein to eluci-
date the energetics along the reaction path. We discuss the
dynamics and possible reaction mechanisms for the disappearance
of benzyne intermediates. Our effort focuses on the isolated
molecule dynamics of the three isomers on the femtosecond time
scale.
Arynes have presented chemists with structural and syntheticchallenges for more than half a century. After the structure
proposal for 1,2-didehydrobenzene by Wittig (1) in 1942 and the
isotopic labeling experiments of Roberts et al. (ref. 2 and
references therein) in 1953, the challenge to understand the
behavior and properties of these reactive species has attracted
large numbers of chemists and spawned a whole area of inquiry
within chemistry (3, 4). Although the greatest effort has been in
the study of 1,2-dehydrobenzene, the behavior and properties of
the 1,3- and 1,4-isomers have recently been the subject of many
studies (refs. 5 and 6; and ref. 7 and references therein). The
1,3-isomer has been characterized recently (5). The 1,4-isomer
has gained special prominence because of its propensity to
undergo Bergman rearrangement (8) and its relationship to
several currently exciting antitumor agents such as neocarzinos-
tatin and dynemicin A.
Materials and Methods
The femtosecond laser and molecular beam apparatus is de-
scribed in detail elsewhere (ref. 9 and references therein).
Briefly, a femtosecond laser system was integrated to a molec-
ular beam apparatus with the capability of measuring time-of-
f light mass spectra. The amplified pulses were typically ’80 fs,
and the energy input was ’150 mJzpulse21 at 615 nm. For the
pump, the 615-nm output was frequency doubled. The probe
beam, which ionizes the transient species, was passed to a
computer-controlled translation stage for the time delay. Both
pump and probe beams were appropriately attenuated to min-
imize background signals; no ionization was observed when the
pump pulse was blocked, and the transients are for the enhanced
ionization when both pump and probe pulses are present.
1,4-Dibromobenzene (98%), 1,3-dibromobenzene (97%), and
1,2-dibromobenzene (98%), all from Aldrich, were used without
further purification. The mass spectra show their characteristic
patterns, as discussed below. The theoretical work reported
herein involves density functional theory (DFT) and ab initio
methods and will be detailed in the Discussion section.
Results
Fig. 1 shows the femtosecond mass spectra of 1,4-dibromoben-
zene (Fig. 1 A), 1,3-dibromobenzene (Fig. 1B), and 1,2-
dibromobenzene (Fig. 1C). The mass spectra are similar. The
parent signals are characterized by three peaks at 234, 236, and
238 amu, corresponding to the isotopic abundances for bromine
(79 and 81 amu). The bromophenyl radicals are observed as the
two peaks at 155 and 157 amu, and the benzyne intermediates
are found at 76 amu. The mass signals at 75 amu and 50 amu are
Abbreviations: DFT, density functional theory; amu, atomic mass unit; PES, potential energy
surface.
*To whom reprint requests should be addressed. E-mail: zewail@caltech.edu.
The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.
Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.030524797.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.030524797
Fig. 1. Femtosecond mass spectra of benzyne precursors: 1,4-dibromoben-
zene (A), 1,3-dibromobenzene (B), and 1,2-dibromobenzene (C). The split
peaks are due to bromine isotope composition (see Results). The spectra were
obtained at a delay time of ’50 fs between the pump and probe pulses. The
precursors do not absorb a single photon at 307 nm, because the first absorp-
tion is typically at 280 nm (26). amu, atomic mass units.
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due to ion fragmentation of the 76 amu species, which corre-
spond to 76 2 1 (hydrogen atom) amu and 76 2 26 (acetylene
molecule) amu, respectively. The intensity distribution is con-
sistent with the abundance of the bromine isotopes and with
electron-impact findings (10).
By gating the signal at 236, 157, and 76 amu, we obtained the
transient signals for the corresponding species. The results for
1,4-dibromobenzene are shown in Fig. 2. We studied the other
two isomers in a similar way. A least-squares fit, with appropriate
convolution, gives the decay time of t ’ 50 fs for parent (236
amu) and t ’ 80 fs for the radical intermediate (157 amu). The
transient of the 76 amu contains a fast-decay component, arising
from ion fragmentation of the parent and radical species, and a
slow one that was persistent on the femtosecond time scale. The
lifetime of the 76-amu species was determined by extending the
delay time to 100 ps, which gives a decay time constant of ’400
ps (Fig. 2D), assuming the signal decays to its zero background.
Interestingly, the dynamics on both femtosecond and subnano-
second time scales studied from the other two parent molecules
(1,3-dibromobenzene and 1,2-dibromobenzene) are essentially
the same as those of 1,4-dibromobenzene, within our error, as
discussed below.
Discussion
The above observations indicate that two C-Br bonds of the
parent species break in less than ’100 fs and that the interme-
diate species (76 amu) is formed within 100 fs. The observed
’400-ps lifetime of the 76-amu species suggests the formation of
a p-benzyne molecule, which may undergo ring opening to form
Z-hex-3-ene-1,5-diyne via the Bergman rearrangement (Scheme 1).
Fig. 3 depicts the reaction pathway of 1,4-dibromobenzene (Fig.
3A) at our excitation energy (186 kcalzmol21) and the ground-
state potential energy surface (PES; Fig. 3B), which describes all
the benzyne intermediates studied and their related transition
states and products. Note that in Fig. 3A, only the reaction paths
involving the most stable Br atom (2P3y2) are shown (see below).
The geometry of stationary points was optimized by using the
spin-unrestricted DFT method at the B3LYPy6-31G(d) level. As
discussed elsewhere (ref. 11; and ref. 12 and references therein),
the restricted method was used for all closed-shell species,
whereas the unrestricted method was employed for open-shell
species. Vibrational frequencies were calculated at the same
level of theory to characterize the nature of the stationary points
and to determine the zero-point energy correction. To confirm
that the transition state is the correct saddle point connecting
two local minima, intrinsic reaction-coordinate calculations were
performed. The effect of the basis functions for the B3LYP
functional was examined by the single-point energy calculations
of each species by using the 6-311G(d,p), 6-3111G(2df,p),
cc-pVTZ, and aug-cc-pVTZ basis sets. Furthermore, the ener-
gies were also calculated at the G2M(RCC6) level of theory (13)
for comparison. All calculations were carried out with the
GAUSSIAN software package (14).
Our DFTyab initio results indicate two important points. First,
based on the PES characterized at the B3LYPy6-31G(d) level,
we found the relative energies are decreased by 0–3 kcalzmol21
for most species by using the 6-311G(d,p) basis set. Adding large
polarization and diffuse functions or implementing consistent-
correlated-valence-polarized triple-zeta basis set does not im-
prove the PES. Second, for most important intermediate species
and their corresponding saddle points, the relative energies
calculated by using the DFT method are comparable to those
obtained at our G2M(RCC6) and other sophisticated ab initio
levels (15–17). The full PES calculations for C6H4 isomers and
their products are shown in Fig. 3B and were obtained by using
our DFT calculations at the B3LYPyaug-cc-pVTZyy6-31G(d)
level of theory (the values shown in parentheses are from our
G2M calculations).
DFT calculations at the B3LYPy6-311G1(2df,p)yy6-31G(d)
level indicate that the expected first and second C-Br bond
energies are 78.2 and 76.0 kcalzmol21, respectively, for 1,4-
dibromobenzene; 77.5 and 65.9 kcalzmol21, respectively, for
1,3-dibromobenzene; and 75.6 and 52.8 kcalzmol21, respectively,
for 1,2-dibromobenzene. Account must be taken of the strong
spin-orbit coupling of bromine atoms, where the energy differ-
ence between Br (2P3y2) and Br (2P1y2) is 3,685.24 cm21(’10.5
kcalzmol21) (18), in predicting the energy available to the
benzyne isomers. From energy conservation, with a total energy
of 186 kcalzmol21, the maximum available excess energy (as-
Fig. 2. Femtosecond transients of p-benzyne and its precursor, 1,4-
dibromobenzene, and monobromo intermediate: parent at 236 amu (A),
intermediate at 157 amu (B), and intermediate at 76 amu (C). (D) The pico-
second transient of the 76-amu species. The symbols are experimental results.
The theoretical fits are represented as solid curves giving the decay time (t) of
the parent and the intermediates. Similarly, we examined 1,2- and 1,3-
dibromobenzenes.
Scheme 1.
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suming formation of 2P3y2 bromine atoms)† is 42, 53, and 68
kcalzmol21 for p-, m-, and o-benzyne, respectively. We also
assume that the kinetic energy of the two bromine atoms is
negligible, according to the relative masses in an impulsive (19)
ultrafast C-Br bond cleavage.
Under our experimental conditions, the energy available to
p-benzyne is sufficient to permit it to undergo Bergman rear-
rangement only (Fig. 3A). However, for both m- and o-benzyne,
the available energies are insufficient for them to surmount any
of the reaction barriers shown in Fig. 3B and to form new
products. The observed ’400-ps lifetime, common to the three
isomers, suggests that the three isomeric benzyne species may
actually interconvert rapidly—most likely as a result of hydrogen
tunneling with the ring-opening exit channel as the rate-limiting
step. The tunneling probability can be estimated by a hypergeo-
metric function (20) with three parameters (forward barrier
height, reverse barrier height, and barrier width) obtained from
our DFT calculations to describe a one-dimensional asymmet-
rical Eckart potential (21, 22). Accordingly, the probability of a
hydrogen-atom migration from m-benzyne to p-benzyne is pre-
dicted to be 1023 to 1024, taking the reaction coordinate
frequency from our DFT to be (15 fs)21. A lifetime is obtained
in the range of 10 ps to 100 ps, which is shorter than the observed
values, consistent with the interconversion of isomers. For
o-benzyne to m-benzyne conversion, the time is even shorter
because of the smaller barrier. However, the calculation assumes
a one-dimensional coordinate, and also on this time scale, energy
redistribution and electronic interconversion (SyT of the diradi-
cals) must be part of a final description of the effective reaction
coordinate.
With the force constants obtained from our DFT calculations
and the PES shown in Fig. 3, we have made Rice–Ramsperger–
Kassel–Marcus calculations for prediction of the unimolecular,
microcanonical reaction rate coefficient of the process of Berg-
man rearrangement. A lifetime of 30 ps was obtained at the
aforementioned total available energy of 42 kcalzmol21 for
p-benzyne. For the 2P1y2 channel, the reaction time is much
slower (’100 ns). The difference observed may imply that
intramolecular vibrational-energy redistribution is slow and
restricted to certain vibrational modes. Examples for such non-
statistical behavior have been found recently, especially for
reactions of an ultrafast nature (23, 24), and the formation of
benzyne is in this class. The long lifetime of benzynes is
consistent with their stability for microwave detection in the gas
phase (25).
In summary, the p-benzyne intermediate involved in Bergman
rearrangement has been isolated in time and, at the total energy
of ’40 kcalzmol21, has a lifetime consistent with the energetics
for the ring opening obtained from our DFTyab initio calcula-
tions. The o- and m-benzynes have similar lifetimes, suggesting
the probability of interconversion between isomers before ring
opening andyor the vibrational-electronic redistribution in the
hot benzyne. This area is rich for further studies, both experi-
mentally and theoretically.
We thank Mr. Hans-Christian Becker for his helpful assistance and
discussion. This work was supported by the U.S. Air Force Office of
Scientific Research and the Office of Naval Research. Acknowledgement
is also made to the donors of the Petroleum Research Fund administered
by the American Chemical Society for support of this research.
1. Wittig, G. (1942) Naturwissenschaften 696–703.
2. Roberts, J. D., Semenow, D. A., Simmons, H. E., Jr., & Carlsmith, L. A. (1956)
J. Am. Chem. Soc. 78, 601–611.
3. Hoffmann, R. W. (1967) Dehydrobenzene and Cycloalkynes (Academic, New
York).
4. Moody, C. J. & Whitham, G. H. (1992) in Reactive Intermediates (Oxford Univ.
Press, Oxford), pp. 68–75.
5. Marquardt, R., Sander, W. & Kraka, E. (1996) Angew. Chem. Int. Ed. Engl. 35,
746–748.
6. Marquardt, R., Balster, A., Sander, W., Kraka, E., Cremer, D. J. & Radzisze-
wski, G. (1998) Angew. Chem. Int. Ed. Engl. 37, 955–958.
7. Sander, W. (1999) Acc. Chem. Res. 32, 669–676.
8. Jones, R. R. & Bergman, R. G. (1972) J. Am. Chem. Soc. 94, 660–661.
9. Zewail, A. H. (1994) Femtochemistry: Ultrafast Dynamics of the Chemical Bond
(World Scientific, Singapore), Vol. I and II.
10. Stein, S. E. (1998) in IR and Mass Spectra, NIST Chemistry WebBook, Mallard,
W. G. & Linstrom, P. J., http:yywebbook.nist.gov.
11. Scala, A. A., Diau, E. W.-G., Kim, Z. H. & Zewail, A. H. (1998) J. Chem. Phys.
108, 7933–7936.
12. Goddard, J. D. & Orlova, G. (1999) J. Chem. Phys. 111, 7705–7712.
13. Mebel, A. M., Morokuma, K. & Lin, M. C. (1995) J. Chem. Phys. 103,
7414–7421.
14. Frisch, M. J., Trucks, G. W., Schlegel, H. B., Gill, P. M. W., Johnson, B. G.,
Robb, M. A., Cheeseman, J. R., Keith, T. A., Petersson G. A., Montgomery,
J. A., et al. (1998) GAUSSIAN 94 AND 98 (Gaussian, Pittsburgh, PA).
15. Kraka, E. & Cremer, D. (1994) J. Am. Chem. Soc. 116, 4929–4936.
16. Cramer, C. J., Nash, J. J. & Squires, R. R. (1997) Chem. Phys. Lett. 277,
311–320.
17. Moskaleva, L. V., Madden, L. K. & Lin, M. C. (1999) Phys. Chem. Chem. Phys.
1, 3967–3972.
18. Chase, M. W., Jr., Davies, C. A., Downey, J. R., Jr., Frurip, D. J., McDonald,
R. A. & Syverud, A. N. (1985) in JANAF Thermochemical Tables (J. Phys.
Chem. Ref. Data 14), p. 421.
19. Busch, G. E. & Wilson, K. R. (1972) J. Chem. Phys. 56, 3626–3638.
20. Miller, W. H. (1979) J. Am. Chem. Soc. 101, 6810–6814.
21. Eckart, C. (1930) Phys. Rev. 35, 1303–1309.
22. Johnston, H. S. (1966) Gas Phase Reaction Rate Theory (Ronald, New York).
23. Diau, E. W.-G., Herek, J. L., Kim, Z. H. & Zewail, A. H. (1998) Science 279,
847–851.
24. Kim, S. K., Guo, J., Baskin, J. S. & Zewail, A. H. (1996) J. Phys. Chem. 100,
9202–9205.
25. Brown, R. D., Godfrey, P. D. & Rodler, M. (1986) J. Am Chem Soc. 108,
1296–1297.
26. Simons, W. W. (1979) The Sadtler Handbook of Ultraviolet Spectra (Sadtler Res.
Lab., Philadelphia).
†The effect of spin-orbit coupling was not considered in our DFT calculations, i.e., the
asymptotic channels of Br (2P3y2) and Br (2P1y2) have the same energy. To correct for the
internal energy, the energy shift (6 5.25 kcalzmol21) of these two states, giving the
spin-orbit splitting of 10.5 kcalzmol21, was taken into account for the two Br atoms.
Fig. 3. (On the opposite page.) (A) Ground-state PES showing both primary and secondary C-Br bond-breaking reaction paths for 1,4-dibromobenzene. The
energies are calculated at the B3LYPy6-3111G(2df,p)yy6–31G(d) level of theory with zero-point energy corrections. The spin-orbit splitting of each Br atom (10.5
kcalzmol21) is taken into account (see Discussion). (B) General ground-state PES for benzynes characterized at the B3LYPyaug-cc-pVTZyy6-31G(d) level of theory
with zero-point energy corrections. The values shown in parentheses were calculated by using the GAUSSIAN 2 additive scheme at the G2M(RCC6) level. Other
reaction pathways, such as those involving diradical and carbene intermediates, have also been considered.
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